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Hard Scattering and Jets

Physics Motivation:

Jet Reconstruction
= Energy loss

= Production geometry
= Medium excitations
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High pt Energy Loss )

Four basic ways to study energy loss...
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High pt Energy Loss )

Single particle measurement

Au+Au 0-10%\/s,=200GeV
PHENIX
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High pt Energy Loss )

Single particle measurement

Au+Au 0-10%\/s,,=200GeV
PHENIX

Four basic ways to study energy loss...
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Two Momentum Regimes

Higher pair momentum: p{A B >4 GeV/c

Trigger

Reaction
Plane
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J(Ad) (arb. units)

Au+AU\f =200 GeV Cent 20-60%
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Explore:

fast parton survival

Learn:
initial deposit geometry
energy loss characteristics



Two Momentum Regimes

Higher pair momentum: p{A B >4 GeV/c
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PHENIX Detector
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PHENIX Detector ;
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Event Characterization

= Vertex, Centrality, Reaction Plane
(BBC, RXPN)
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PHENIX Detector ;

1 Event Characterization
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PHENIX Detector ;
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Charge Particle Tracking

High momentum background

pt>5 GeV/c
= photon conversion PC3 Matching
= post-field decay

= albedo 30

Extend matching
requirement in PC3




Charge Particle Tracking

High momentum background

pt>5 GeV/c

= photon conversion
= post-field decay
= albedo

Extend matching
requirement in PC3
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Charge Particle Tracking

High momentum background

pt>5 GeV/c

= photon conversion

= post-field decay
= albedo

Extend matching
requirement in PC3
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Pair Correlations
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Two-Particle Correlations

m: 4-12 GeV/c
hz: 0.5-7 GeV/c

Broad range of
trigger ptr

arXiv:1002.1077v2, Accepted by PRL
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4-5 ® 2-3 GeV/c —* 0-20% Au+Au

—(x 3.0)
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Two-Particle Correlations

m: 4-12 GeV/c
hz: 0.5-7 GeV/c

Broad range of
trigger ptr

ptt > 7 GeV/c

Back-to-back
peaks for all
measured
associated pr

arXiv:1002.1077v2, Accepted by PRL
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Two-Particle Correlations

m: 4-12 GeV/c
hz: 0.5-7 GeV/c

Broad range of
trigger ptr

ptt > 7 GeV/c

Back-to-back
peaks for all
measured
associated pr

Still no evidence
for jet broadening

arXiv:1002.1077v2, Accepted by PRL
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Away-side suppression at large associated pr



Away-side laa 8

(Nta/Nt)Au—l—Au

Iaa =
(Nt /N) pip

head

Jet pair yield




Away-side laa 8

arXiv:1002.1077v2, Accepted by PRL
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Away-side laa 8

arXiv:1002.1077v2, Accepted by PRL

ta t I 0 p_=4-5GeV/c 5-7 GeV/c
I L (N /N )AU+AU i e 5 1; AusA 6% scale uncertainty
AA — Nta /Nt e 0-20% Au+Au —@— away (IA - 1l <7/2)
( / ) p+Dp —— head (IA¢ - ntl <7/6)

7-9 GeV/c

[ ] (RAA>,n° p.>5 GeVlc

ZOWW, ¢, = 1.68 GeV/fm

=i 1mi ACHNS, K=4.1+0.6

Jet pair yield

partner p_ (GeV/c)

away _ thead

No shape change implies: [, " = I



Away-side laa 8

arXiv:1002.1077v2, Accepted by PRL
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Observation: Surprisingly at high pr, laa > Raa
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How can laa > Raa?

Pythia + simple energy loss + Glauber geometry toy model
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dE/Ey = dE/E,



How can laa > Raa? 9

Pythia + simple energy loss + Glauber geometry toy model
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Away-side laa

Increasing trigger pr:

- further hardens the
away-side spectrum

- results in larger laa
values
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Away-side laa

Increasing trigger pr:

- further hardens the
away-side spectrum

- results in larger laa
values
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Away-side laa

arXiv:1002.1077v2, Accepted by PRL
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Theoretical Away-side laa

arXiv:1002.1077v2, Accepted by PRL

ACHNS

Consistently falls
below data

ASW energy loss +
full hydro evolution
(gives correct Raa)
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Theoretical Away-side laa

arXiv:1002.1077v2, Accepted by PRL

ACHNS
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below data

ASW energy loss +
full hydro evolution
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Theoretical Away-side laa

| arXiv:j002.1077v2, Accepted by PRL

ACHNS

Consistently falls
below data

ASW energy loss +
full hydro evolution
(gives correct Raa)

ZOWW

Follows data
reasonably well

Uses a simple hard
sphere geometry
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Theoretical Away-side laa
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Theoretical Away-side laa

ACHNS

Consistently falls
below data

ASW energy loss +
full hydro evolution
(gives correct Raa)

ZOWW

Follows data
reasonably well

Uses a simple hard
sphere geometry

10-1— LT 1
0 1 2 3 4 5 6 70 1 2 3 4 5 6

arXiv:1002.1077v2, Accepted by PRL

n®p =4-5GeVlc | 5-7 GeV/c

6% | i
m ¢ 0-20% Au+Au 4 ’ %0 scale uncertainty

A —@— away (IA¢ -l <7/2) |
—— head (IA¢ - tl <1/6)

L
7-9 GeV/c
|:|(RAA>,n°pT>5GeV/c 1

l# — ZOWW, 80 =1.68 GeV/fm
#

== ACHNS,K=4.1:06 1

partner p_ (GeV/c)

Is energy loss or medium geometry the
crucial difference?



Theoretical Away-side laa

ACHNS

Consistently falls
below data

ASW energy loss +
full hydro evolution
(gives correct Raa)

ZOWW

Follows data
reasonably well

Uses a simple hard
sphere geometry

10-1— LT 1
0 1 2 3 4 5 6 70

arXiv:1002.1077v2, Accepted by PRL

0
[ J(R,»7 p.>5GeVic
— ZOWW, 80 =1.68 GeV/fm

== ACHNS,K=4.1:06 1

> n° p, = 4-5 GeV/c 5-7 GeV/c
6% scale uncertainty i
e 0-20% Au+Au = ¢ —@— away (IA¢ - 7l <7/2)
| L —— head (IA¢ - tl <1/6)
N B l i
e B e R
7-9 GeV/c

1

2
partner p_ (GeV/c)

Is energy loss or medium geometry the

crucial difference?

Any full description requires realistic:
spectra, energy loss, geometry



High n%-h* by Reaction Plane Analysis
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C(Ag)

Two source model:
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But more simply:
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Jet Functions - Full Set @ 3-4 GeV/c
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Jet Functions - Full Set @ 3-4 GeV/c
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Away-side ¢s Dependence

Au+Au\ s, =200 GeV - Cent 20-60%

J(A AB) (arb. units)
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Away-side ¢s Dependence

Au+Au\ s, =200 GeV - Cent 20-60%

.:2 . L e I I B L B BN |p¢ e'[4'.0"7|01 dev Jlﬂol ':
s pE €[3.0,4.0] GeV h* -
2 1 @ lv-0 1€[0°,15°] -
© ]
g o hp-o,1€[75°90°1 ]
“~n 0.8 ]
3 A = 0.66(3) §
=
o6
=
0.4
0.2
0
-0.2

1.5



Away-side ¢s Dependence

Au+Au\ s, =200 GeV - Cent 20-60%
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Away-side ¢s Dependence
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Away-side ¢s Dependence

Au+AU\f =200 GeV Cent 20-60%
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Characterization

Au+Au\ s, =200 GeV - Cent 20-60%
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Variations by Reaction Plane
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“Control” Centrality 0-20%

Near-side
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Another attempt...

Dissecting the role of initial collision geometry for jet quenching observables in
relativistic heavy ion collisions

Jiangyong Jial:? and Rui Wei!

Simple energy loss (L-dependence) + realistic geometry

but no energy loss fluctuations
arXiv:1005.0645
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Summary

High pt - Energy Loss

laa IS not consistent with simple increased
suppression:

m g feature missed in some theories
(could be related to spectral slope)

Steep away-side suppression by trigger orientation:

= a large initial anisotropy
or
= a large path-length dependence
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Ridge & Shoulder Balance
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Jet Functions - Full Set @ 4-5 GeV/c
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Jet Functions - Full Set @ 3-4 GeV/c
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Overlays
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Arb. Scale Definition
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Pair Correlation Regimes

Modification Suppression

Jet

C(A9)

(o2

Background

Background
0 Ao mm 0 Ao m
—_— e s—,—,ee—
A,B
“Intermediate” “high” Pr

~1 -4 GeV/c = 4 GeV/c



Energy Loss Categories
Nuclear Overlap Crossing Nuclear Overlap Tangential

‘punch-through” corona

Q: Can a fast parton enter
@ e > the nuclear overlap
and survive?



Variation with Reaction Plane

Nuclear Overlap Crossing Nuclear Overlap Tangential

0 b 2
N —————3 QUL

The dependence of away-side PTY can discriminate between models.



Tangential Rising PTYs

Awa
PTY / Integrated Column Density
Trigger Multiplicity

out-of-plane




Predicitons: Renk

Angular variation of hard back-to-back hadron suppression in heavy-ion collisions

y [fm]

b = 7.5 fm, in plane

X [fm]

b = 7.5 fm, out of plane

i\
X [fm]

y [fm]

Thorsten l{vnl{‘-
Box 35 FI-40014 Unwversity of Jyvaskyla, Finland and
P.O. Box 64 FI-00014, University of Helsinki, Finland

Trigger 12 - 20 GeV

arXiv:0803.0218v2

1.2 - ~ .
e b=241fm,in plane
= b=241fm,outof plane
I e b=45 fm, in plane
= b=45 fm, out of plane
0.8 e b=6.3fm, in plane
' » b=6.3fm,out of plane
~ e b=7.5fm, in plane
_<0.6 s« b=7.5 fm, out of plane
y :
0.4 : e
“ -
0.2
v 8-10 10+

falling with increasing rp-angle

max ~12% variation in mid-central



Predicitons: Renk

Angular variation of hard back-to-back hadron suppression in heavy-ion collisions
arXiv:0803.0218v2

v [fm])

b = 7.5 fm, in plane

Thorsten Renk™
Box 35 FI-40014 Uniwversity of Jyvaskyla, Finland and

P.O. Box 64 FI-00014, University of Helsinki, Finland

e b=7.51m, 1n plane
m b="7.51m, out of plane

falling with increasing rp-angle
max ~12% variation in mid-central

X [fm]



Intermediate pr Medium Response

p+p (similar in peripheral Au+Au) central Au+Au

=006

£o0.04]

JPR(AD, An)

Typical:
- Near-side Jet - Near-side Modification- “Ridge”
- Away-side Jet - “Head” - Away-side Modification - “Shoulder”



Near-side Ridge

0.06
- Broad An near-
side enhancement
measured in .04
Au+Au collisions <
at intermediate p; j-;‘; 0.02
o
p-
T P
- High p; near- -
sides are similar £
~ 0.04
- Intermediate p;
0.02

p+p near-side is
narrower in An

than central
collisions

2-3 @ 2-3 GeVlc

1

3-4 @ 2-3 GeVlc

- ~-0-20% Au+Au o I
— R ‘ A . o ’ ¢ -
- e p"’p ‘ . ge 1. : ¢ ¢ o
~ Near side ¢ A ‘4 |
-.....000000000.'.. +++ ¢ .' +.
4 | +
: - ) 9 :
- ;{ R % ¢¢ ¢{ — E Qé
3-4 ® 3-5 GeVlc 5-10 @ 5-10/GeV/c 7
| : AN
. . - ]
»” Y :
2000%" P TR, el Fate ~g~+1|*'*u".' M| . ]& +:l{ '
-0.5 0 0.5 -0.5 0 0.5
AN

- At intermediate p., little p-p jet beyond An > 0.5



Many Similarities
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Intermediate pr Triggers

- 1, trigger-partner anti- symmetry
indicates not all triggers at intermediate A(P

pT are jet fragments /—
- Some could be from the medium

response itself € rrnna,.,,
a) p) ]
1.5- + 5<p <10 GeV/ic 5<p:<1o GeVlc 1

. * | . ‘

< 1 ' t ¢ ‘ - * ‘ 1 . :

= } | + ; | - 120 deg is a special angle
| . ¢ |
.
0.5 ' - Two-sided shoulder

! mechanisms could create

. ] | structures at Ap =0
% 2 4 &6 8) 2 4 & 8 and Ag = 1 +1.1
p° (GeVic) p2 (GeVic)



Medium Response Triggers
®

Non-fragmentation triggers
significantly complicates
interpretation

Ridge and Shoulder may be:

= jet-correlated
= self-correlated

Medium Response from the
bulk and Recombination
effects should be examined

Ag

Jet

*s, Shoulder?

Surface

*




Away-side pt Spectra

1.5 TR0 A Gevie _,";.'_"'<”a'<'”'e";:”' .
e 1 "TTT 1 Reaction-plane dependence prefers
[ 0<p; <7.0GeV/c ] . .
T I | crossing production
T T
T e deewe | Spectral centrality dependence shows
s 1 i consistent slopes at high pr
%’: - S I .
2os- B 1 ..
T e Surviving Partons:
el 20< P; < 7.0 GeV/c
¢ o 0 - -:
: | {" | = cross the nuclear overlap
o oof ; l, 1 ‘ = |ose little energy
c
s “skip-through” production indicated
< ] [} ]
for mid-central collisions

N
A. Adare, et al., Phys.Rev.C'78 : 014901 (2008)

part



Predictions: Pantuev
Viad Pantuev - nucl-ex/0610002

time
H’ ﬁ.- » H oooooooo >
1: “‘
Tangential-dominance only 809k L 3 Au+Au, 200 GeV
in more central collisions 0.8 @
— \
- . 0.7 A \. in plane
Transition driven by 0.6F A \
formation time of black TE A \
0.5 ‘
core -
0.4 outof plane .\
Large falling variation 035 Ny
. . . = N, y
in mid-central bin 0.2E- R 1 ‘\A
~ o -
0:111111111111111111111111111111111111111
0 50 100 150 200 250 300 350 400
Npart
- Trigger Weighted

Npart 20-60% ~ 125
Npart 20-60% = 100



Two Source Assumption

Pairs correlate via the same hard scattering or via
trivial participation in the same event

Some correlation sources (HBT, decay) are small

Others (recombination) may not be...

Background Contribution:

C(A¢)

= collective event shape, vo

= normalization, bo b,

- assume no jet signal at minimum
- or calculate combinatorial rate

Background




Summarizing...

High pt - Energy Loss

Overlap Geometry:
= possibly more anisotropic than expected in models

Surviving partons:

= Cross the overlap
= |ose little energy

Intermediate pr - Medium Response

But where does the energy go?



